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The relative role of retinal isomerization and microscopic polariza-
tion in the phototransduction process of bacteriorhodopsin is still
an open question. It is known that both processes occur on an
ultrafast time scale. The retinal trans—cis photoisomerization
takes place on the time scale of a few hundred femtoseconds. On
the other hand, it has been proposed that the primary light-
induced event is a sudden polarization of the retinal environment,
although there is no direct experimental evidence for femtosecond
charge displacements, because photovoltaic techniques cannot be
used to detect charge movements faster than picoseconds. Making
use of the known high second-order susceptibility @ of retinal in
proteins, we have used a nonlinear technique, interferometric
detection of coherent infrared emission, to study macroscopically
oriented bacteriorhodopsin-containing purple membranes. We re-
port and characterize impulsive macroscopic polarization of these
films by optical rectification of an 11-fs visible light pulse in
resonance with the optical transition. This finding provides direct
evidence for charge separation as a precursor event for subsequent
functional processes. A simple two-level model incorporating the
resonant second-order optical properties of retinal, which are
known to be a requirement for functioning of bacteriorhodopsin,
is used to describe the observations. In addition to the electronic
response, long-lived infrared emission at specific frequencies was
observed, reflecting charge movements associated with vibra-
tional motions. The simultaneous and phase-sensitive observation
of both the electronic and vibrational signals opens the way to
study the transduction of the initial polarization into structural
dynamics.

etinal proteins play an essential role in a broad range of

light-driven biological processes, including vision (1), energy
transduction (2), and circadian control (3). All these functions
involve both the conversion of light energy into charge separa-
tion and retinal isomerization, but the interplay of these pro-
cesses is the subject of intense debate. The retinal protein of
which the initial photochemistry is most extensively studied is the
photosynthetic protein bacteriorhodopsin (bR). This protein
colors the purple membrane of halobacteria and acts as a
light-driven proton pump by means of a multistep process
termed the photocycle (2). In the traditional model for the initial
transduction step in this cycle is directly light-driven trans—cis
isomerization of retinal (4-6); this model has been recently
extended by including excited-state skeletal stretching (5, 7).
However, experiments with modified bR containing nonisomer-
izable retinal analogs challenged this model by showing that the
initial photo-induced events are not associated with retinal
isomerization (8-10). In fact, in an early alternative hypothesis
(11), the essential process was proposed to be dielectric relax-
ation of the protein as a response to sudden polarization upon
retinal excitation (11-13). Recent molecular dynamics calcula-
tions (14) and experiments (15, 16) support this view.

Direct measurements of this charge separation process by
using photovoltaic techniques have been performed (17-19).
However, the intrinsic temporal resolution of these techniques is
limited to several picoseconds; i.e., slower than the ~500-fs (4,
20) isomerization process. To visualize the electronic response of

www.pnas.org/cgi/doi/10.1073/pnas.0306789101

bR on a time scale that is limited only by the laser pulse length,
we introduce a different approach, exploiting a nonlinear tech-
nique: interferometric detection of optical rectification. The
second order susceptibility y® of the retinal chromophore is
unusually high, especially in its native protein environment, and
this property has been shown to be a requirement for functioning
of bR (21). These strong nonlinear characteristics have been
demonstrated in (off-resonance) frequency up-conversion
(0—2w) experiments (22-25). The same property should also
give rise to functionally more relevant frequency down-
conversion (w—0) or optical rectification (26). This phenome-
non has been observed in noncentrosymmetric semiconductors
(27-30) and organic crystals (31) in the form of single-cycle
radiation in the THz and midinfrared region as a response to
ultrashort laser pulses but not in biological materials. On the
other hand, long-lasting coherent infrared emission has been
observed from heme protein crystals (32), originating solely
from the vibrational response of the protein. Here, we report
impulsive macroscopic polarization of oriented bR films by
optical rectification of an 11-fs visible light pulse in resonance
with the optical transition, providing a direct evidence for charge
separation as a precursor event for subsequent functional pro-
cesses.

Materials and Methods

bR-containing purple membranes were prepared from strain S9
of Halobacterium salinarium by standard methods (33). An
outline of the experimental arrangement is depicted in Fig. 1.
Oriented bR films were deposited and dried on germanium
plates by using an electrophoretic method, described for depo-
sition on titanium-oxide covered glass in ref. 34. For our
experiments, germanium was chosen as a substrate, because it is
transparent in the infrared, and, at the same time, its conduc-
tance is high enough to act as an electrode during electrophoretic
deposition. The optical density of the films of ~2,000 membrane
layers (thickness ~ 10 um) is ~2 at the 565-nm visible absorption
maximum. In these films, the retinal chromophores are oriented
at ~28° with respect to the plane (35-37), and the two-
dimensional orientation in the plane is random.

The experimental setup (32) was based on a noncollinear
optical parametric amplifier (NOPA) pumped by a titanium-
sapphire regenerative amplifier and delivering ~11-fs pulses
centered at 560 nm (near the maximum of bR absorption) at 1
kHz. The NOPA output was split, and one part (=75 nl,
subsequently attenuated to avoid damage) was used to excite the
sample by focusing to ~50 pum directly on the side of the sample
where the bR film was deposited. The angle « between the
sample and the plane perpendicular to the beams was variable,
and the sample could be continuously rotated (=6 Hz, diameter
~ 1 cm) in the plane of films so that the excitation volume was
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Experimental arrangement for emission generation in bR films. (A) Positioning of the bR films with respect to the visible excitation beam. (B) Scheme

of the interferometric arrangement for characterizing the radiation emitted from the bR films. See text for details.

renewed between shots. IR emission in the forward direction,
passing through the Ge substrate, was focused on a HgCdTe
detector (low-frequency cut-off ~700 cm~1). Another part of the
NOPA output was used to generate an IR reference beam, by
optical rectification in a gallium arsenide (GaAs) crystal (type
<11 0>, thickness 110 wm) (28). This beam was also focused on
the detector and spatially overlapped with the IR emission beam
from the sample. Polarization (s or p) of the visible beam and the
reference beams was variable. An interferogram was constructed
by varying the delay of the two visible pulses.

Results and Discussion

The experiment is based on coherent, interferometric detection
of the infrared emission (28, 32, 38) generated in dried oriented
bR films, by means of interference with a reference emission
originating from a GaAs crystal, which is a well known source of
optical rectification. Unlike the previous second harmonic gen-
eration measurements on bR (22-25), which were conducted
off-resonance and did not provide any temporal information on
the polarization, this experiment was carried out at full reso-
nance and with ~11-fs time resolution. Fig. 24 shows an
interferogram resulting from the coherent IR emission of a bR
film and compares it with a similar experiment with a second
GaAs crystal at the sample position. The bR-GaAs interfero-
gram is dominated by a strong signal around ¢ = 0, very similar
to that observed in the GaAs—GaAs experiment. Thus, most of
the emission is instantaneous broadband IR, typical for elec-
tronic optical rectification. In the time domain, such an emission
consists of a single cycle; the appearance of the symmetric
ringing in the experimental interferogram is due to the steep low
frequency cut-off of the detector (28). In addition, in the
bR-GaAs experiment, a small asymmetric (only at ¢t > 0)
complex oscillatory feature is observed that extends beyond 1.3
ps and is not present in the GaAs—GaAs optical rectification.
This signal and the corresponding modulation of the Fourier
transform spectrum (Fig. 2B) presumably reflects the IR-active
vibrational response of the retinal-protein system and is equiv-
alent to the effect we have observed previously in myoglobin
crystals (32). We stress, however, that an equivalent of the main,
broadband emission signal has not been observed on myoglobin
(32); this is, therefore, a previously uncharacterized example of
electronic optical rectification in a biological sample.

The amplitude of the bR signal is comparable to that of GaAs.
At a = 45° (see below) and by using ~15% of the available visible
excitation energy to avoid damage on bR, the signal amounted
to ~10% of the GaAs signal. With a rotating film, the signal is
linear with the excitation intensity (Fig. 34). Because the
measured signal is the emitted electric field strength, this implies
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that the intensity of the emission is quadratic with excitation
intensity, as expected for a x(? process. With immobile films at
higher intensities, the signal appears somewhat nonlinear in
excitation intensity (data not shown). We ascribe this effect to a
greater penetration depth in the bR film of the visible excitation
pulse at higher intensities, leading to a diminished net attenu-
ation by the film of the emitted beam.

The symmetry axis of the system is perpendicular to the film;
hence, the resultant light-induced electric polarization takes
place in this direction. Consequently in a second-order process,
the emitted beam is polarized with a component in the direction
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Fig. 2.  (A) Interferogram of emission from bR and the reference pulse (« =

45°) taken with a rotating bR film so that subsequent pulses excite new
volumes. (Inset) Interferogram with a GaAs crystal at the position of the
sample and the bR film placed in front of the detector to take its filtering effect
into account. Here, the signal was corrected for a small pump-induced long-
lived transmission change observed in GaAs (=5% of the maximal signal). (B)
Fourier transform of the interferogram of the bR film (solid trace) and the
GaAs-reference experiment (dotted trace).
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Fig. 3. (A) Interferograms at various intensities of the pump beam with
rotating films. (Inset) Signal amplitudes. (B) Polarization (see Fig. 1) depen-
dence of the signal. The polarization of the pump beam and that of the
reference beam were varied independently. An IR polarizer was placed in
front of the detector in the direction of the polarization of the reference
beam.

of the symmetry axis, and its intensity is zero in this direction.
Accordingly, the signal was only observed when the film was
tilted with respect to the plane perpendicular to the optical axis
(see Fig. 1); the signal maximum was found at « =~ 45°. Fig. 3B
shows that the emitted signal is always polarized in the direction
of the projection of the symmetry axis of the system onto the
plane perpendicular to the optical axis, independent of the
polarization of the incident beam. Altogether, the dependence of
the signal on the experimental geometry is fully consistent with
a second order nonlinear origin, as expected for optical rectifi-
cation.

Fig. 3B also shows that the intensity of the emitted IR beam
is roughly similar for s and p polarization of the incident visible
beam. To understand this finding, it should be realized that the
experiment was conducted under resonant and strongly absorb-
ing conditions (virtually all photons are absorbed by the film). In
this case, it is the component of the molecular second-order
polarizability tensor in the direction normal to the film that
contributes to the macroscopic emission. Assuming this polar-
izability has a major component in the direction of the retinal
(23), these contributions are similar for all absorbing molecules.
We emphasize that different conditions apply in the transparent,
off-resonance regime, as illustrated by the observed strong
polarization dependence of frequency doubling of 1,064-nm light
in bR films by Lewis and coworkers (23).

Theoretical Treatment. The second-order polarization P (r,f) of
a single, isolated molecule as a response to the electric field E(r,f)
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of the exciting light is characterized by the second-order re-
sponse function S@ (5,41) according to

o %

PO(rt) = J dtzfdtlS(z)(tz,tl)E(r,t —)Et —t, — t).
0 0
[1]

In the case of noninteracting molecules, the frequency domain
counterpart of S@ (t,,t1) is proportional to x®. We applied the
method of Liouville-space pathways (39) with a complete T}
relaxation matrix (40) to derive a simple but sufficiently general
formula for the response function (G.G, M.J., M.H.V., and
J.-L.M., unpublished results). S@ (f2,t;) can be partitioned into
second harmonic and optical rectification terms. The former
reproduces the formula of Oudar and Chemla (41) in the special
case of off-resonance. The calculation of S$®#f using the
method of Liouville-space pathways also reproduces results
obtained from the Bloch equation for a two- or three-level
system (38). For a laser pulse described by E(7) = Env(t)cos(wt),
the optical rectification term is formally equivalent to the above
general expression for the second order polarization if the
complete electric field is substituted by its envelope:

©

Pg;g(t) = Jdt2 dt1S0(2)(t2,t1)EnV(t - tz)EnV(t — Iy — tl) .
0 0

[2]

For a two-level system and keeping only resonant terms, we find

n n
S@trt)) ~ ploApe— (747 cos((@ — o)), 31

where wjo and pjo are the transition frequency and dipole
moment, respectively, Ap is the difference of the dipole moment
between the two states, whereas 7, and 7, are the familiar
population and phase relaxation times, respectively.

According to the above model, if the excitation is fully
resonant, the evolution of the polarization is identical to that of
the excited state population. This situation was not analyzed
earlier, notwithstanding its importance for the primary function
of bR. In a classical view, upon absorption of a photon, the
system undergoes an instantaneous polarization proportional to
A, decays together with the population of the excited state, and,
therefore, acts as an ultrafast diode. The applied theory thus
connects the concept of sudden polarization and the resonant
optical rectification.

In the present experiment, we monitored the above polariza-
tion change by detecting the radiation emitted by the dipole. For
a single molecule, the elementary effect is a Hertzian dipole
radiation, resulting in a signal proportional to the second time
derivative of the dipole moment. [For the real excitation geom-
etry, this approaches the first derivative (29)]. The used tech-
nique visualizes the derivative corresponding to the rising part.
We emphasize that in this model the polarization itself remains
after decay of the electronic coherent emission signal. Extension
of this technique to the THz regime may allow observation of the
subsequent evolution of the excited state polarization and, in
addition, may connect with the earlier photovoltaic measure-
ments with lower time resolution (17, 19).

Unfortunately, comparison of oriented bR samples with GaAs
does not directly allow the quantification of the dipole moment
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Fig.4. Vibrational part of the interferogram of Fig. 1 and Fourier transform
power spectrum.

change Ap measured in our experiments because the relevant
nonlinear response of GaAs is not straightforwardly accessible.
Indeed, the strong absorption of GaAs in the visible region
makes the nonlinear propagation equation difficult to solve
considering both the complicated dynamics of the generated free
carriers and the reshaping of the incident pulse because of the
strong frequency dependence of the absorption coefficient. An
exploration of other reference materials may help to address this
issue. More detailed comparison with a well characterized
reference will in addition allow to separate any contributions
from the chromophore and protein electronic response to the
initial polarization in the 100-fs time range (see below).

Oscillatory Features. The oscillatory features following the elec-
tronic polarization response display major frequency compo-
nents particularly in the 700-1,000 cm™! range (Fig. 4).
Vibrations in this range have been observed in transient
absorption experiments (42, 43), and they correspond predom-
inantly to the hydrogen-out-of-plane vibrational modes of the
retinal. The present result that they are detectable in coherent
emission experiments implies that they are associated with
charge displacements in the transmembrane direction, indi-
cating that the initial polarization specifically sets in motion
these modes. As a preliminary analysis, we have performed a
gliding window Fourier transform analysis that indicates a
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modulation of the frequency of the hydrogen-out-of-plane
modes (cf. ref. 43) and persistence of these motions beyond
retinal isomerization.

The vibrational features are significantly different when the
bR film is continuously rotated in the plane of the membrane
during data acquisition, so as to renew the sample volume
between laser pulses, compared with the case when the film is
immobile (the data shown in Figs. 2, 34, and 4 are taken with
rotating films). The shape of the main broadband emission
signal, associated to the optical rectification process, does not
change upon moving the film. We assign these differences to
accumulation of photocycle intermediates in the case of kHz
excitation of an immobile film. In particular, the photocycle has
been shown to be particularly slow in dried films and completed
only in the ~100-ms time range (44).

Concluding Remarks. Molecular dynamics calculations (14) and
recent photon echo experiments (16) indicate that optical exci-
tation of the retinal is followed by an intense dielectric response
of the protein matrix in the 100-fs range. Our experiments show
that the initial electronic polarization precedes this response,
which suggests that the polarization induces the large electro-
static protein relaxation (16). Studies on bR samples reconsti-
tuted with nonisomerizable retinal (15) showed that retinal
isomerization is not a prerequisite for conformational changes to
occur in the protein on the microsecond time scale. However,
required for the bR photocycle are large nonlinear susceptibil-
ities of the retinal (21) and, therewith, the capability to perform
optical rectification. The applied theory of second-order optics
connects the concepts of optical rectification to the original idea
of sudden polarization. The inherent noncentrosymmetric struc-
ture of the membrane makes possible the primary and instan-
taneous conversion of light energy into electrical polarization by
this nonlinear effect. The experiments presented here directly
time-resolve this functionally important polarization and indi-
cate that they are at the origin of specific vibrational motions
involving charge displacements.
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